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Temperature-dependent spin gap and singlet ground state in BaCuSi2O 6
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~Received 22 November 1996!

Bulk magnetic measurements and inelastic neutron scattering were used to investigate the magnetic prop-
erties of BaCuSi2O6, a quasi-two-dimensional antiferromagnet with a square-lattice bilayer structure. The
compound was shown to have a spin-singlet dimerized ground state with a gapD'4.5 meV in the magnetic
excitation spectrum. The dispersion of the gap modes was measured and found to be temperature dependent
and totally suppressed at temperatures higher than the characteristic gap energy. The observed excitations are
analogous to magnetoexcitons in light rare-earth compounds, but are an intrinsic property of a simple Heisen-
berg Hamiltonian for theS51/2 magnetic bilayer. The behavior is discussed in comparison to that of related
systems, in particular, Cs3Cr2Br9. @S0163-1829~97!02714-8#
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I. INTRODUCTION

Quantum-disordered low-dimensional~low-D! antiferro-
magnets~AF! have in the last two decades attracted a gr
deal of attention~see reference lists in Refs. 1–5!. Perhaps
the simplest spin model that has a nonmagnetic ground s
is of zero dimensions. We refer here to a system compo
of noninteracting dimers ofS51/2 spins with an AF Heisen
berg intradimer exchangeJ, the isolated-dimer~ID! model,
where there is a finite energy gapD5J separating the single
S50 ground state from the excitedS51 triplet. One of the
first compounds to which this construct was found to
applicable was copper acetate that has been extensively
ied by Güdel et al.6 Although the ID case in itself is simple
to the point of not being very interesting, many new intere
ing phenomena emerge if finite inter-dimer interactions
present. In particular, the singlet-triplet gap excitations h
a finite and strongly temperature-dependent dispersion in
interacting-dimer case. This behavior has been previou
observed experimentally and analyzed theoretically
Leuenberger et al. for the Cr-dimer compound
Cs3Cr2Br 9.

7,8

The discovery of the spin-Peierls transition in CuGeO3
~Refs. 4 and 9! and dimerized ground state in CaCuGe2O6
~Refs. 10 and 11! triggered the search for new single
ground-state compounds among copper germanates and
cates. In this work we have used bulk magnetic meas
ments and inelastic neutron scattering to investigate
properties of one of these species, namely BaCuSi2O6. The
tetragonal~space groupI4m2, a57.042 Å, c511.133 Å!
crystal structure of this material has been investigated
Finger et al.12 and is shown schematically in Fig. 1. No
that the structure is not that of previously studi
CaCuGe2O6 which has a zigzag-chain arrangement of
sites. In BaCuSi2O6 the magnetic Cu21 ions and the SiO4
tetrahedra are arranged in layers parallel to the (001) c
tallographic plane. Within each Si-O-Cu layer the Cu21 ions
form a square-latticebilayer of S51/2 sites@Fig. 1~a!#. The
550163-1829/97/55~13!/8357~4!/$10.00
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Cu-Si-O layers are structurally separated from each othe
planes composed of Ba21 ions. The nearest-neighbor in
plane Cu-Cu distance is large, 7.043 Å, equal to thea lattice
constant. The shortest Cu-Cu separation, 2.73 Å, is that
tween sites from complementary planes@Fig. 1~b!#.

The bilayer spin arrangement makes BaCuSi2O6 a very
interesting compound, related to several important quan
spin systems. On the one hand, it can be considered
two-dimensional~2D! version of the spin ladder, a mode
that is realized in several recently investigated singlet gro
state materials.5,13 On the other hand, theS51/2 bilayer
model has been invoked to explain the magnetic proper
of such high-temperature superconductor-~HTSC! -related
cuprates as underdoped YBa2Cu3O61x and YBaCu4O8
~Ref. 14 and references therein!. Notably, in all these com-
pounds the intra-plane and in-plane interactions are com
rable in magnitude. In the present work we show that
BaCuSi2O6, on the contrary, the interplane antiferroma
netic exchange interactions are dominant. As a result,
ground state is dimerized~spin singlet! and the spin dynam-
ics is that of weakly coupled dimers. The gap excitatio

FIG. 1. Schematic view of the crystal structure
BaCuSi2O6: the Cu-Si-O layers parallel to the (a,b) plane~a! and
a projection along the (0,1,0) direction~b!. Cu21 dimers are ar-
ranged in a square lattice to form a bilayer ofS51/2 spins.
8357 © 1997 The American Physical Society
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have a finite temperature-dependent two-dimensional dis
sion, and are similar to those found in Cs3Cr2Br 9.

7,8 The
physics of this behavior is discussed by using an anal
with magnetic excitons in singlet-ground-state light ra
earths.15

II. RESULTS

A. Magnetic susceptibility

Conventional AC-SQUID measurements on single-crys
samples reveal an activated behavior of the magnetic sus
tibility at T→0 that may be interpreted as a signature o
singlet ground state with a spin gap. No evidence of a
magnetic phase transition was found. Raw data~not cor-
rected for the effect of paramagnetic impurities! are plotted
in symbols in Fig. 2~a!. The observedx(T) is in quantitative
agreement with the theoretical prediction for the ID mod
with a singlet-triplet gapD54.1(0.03) meV@Fig. 2~a!, solid
lines#.

B. Inelastic neutron scattering

The dimer ground state for BaCuSi2O6 was confirmed in
inelastic neutron scattering experiments. These were
formed on a 103434 mm3 single-crystal sample grown
using the floating-zone method. The measurements w
done at the High Flux Beam reactor at Brookhaven Natio
Laboratory on the H8 and H7 three-axis spectrometers, u
a neutron beam of fixed final energyEf514.7 meV with a
Pyrolitic Graphite~PG! filter positioned after the sample. P
(002) reflections were used for both monochromator a
analyzer. The horizontal collimation setup was eith
408240824082808 or 408240828082808. The sample
was mounted with the (h,0,l ) zone coincident with the scat
tering plane of the spectrometer. The single crystal was
excellent quality, with a mosaic spread of'258. The mea-
surements were done in the temperature range 3.52150 K,
utilizing a closed-cycle refrigerator.

Inelastic constant-Q scans atT53.5 K revealed the pres
ence of a gap excitation that appears around\v'4.5 meV
throughout the entire (h,0,l ) plane @Fig. 2~b!#. At all tem-

FIG. 2. ~a! Magnetic susceptibility measured in a BaCuSi2O6

single crystal~symbols!. The solid lines are theoretical curves ca
culated for the isolated-dimer model.~b! Example constant-Q scans
measured in BaCuSi2O6, showing the magnetic gap excitation
\v'4.5 meV. The solid lines are Gaussian fits.
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peratures between 3.5 and 150 K the inelastic peak is s
metric and has a practicallyT-independent energy width
slightly larger than the experimental resolution. The gap
ergy is in reasonably good agreement with that deduced f
susceptibility data assuming the ID model.

1. Structure factor

To identify the particular pairs of Cu spins that form th
AF dimers we have analyzed theQ dependence of the
energy-integrated intensity in the gap excitations. Measu
ments at several wave vectors along (h,0,1), (h,0,1.25), and
(h,0,1.5) show that this intensity is independent ofh, and
only a gradual decrease is observed at large momen
transfers. The latter may be attributed entirely to effect of
Cu21 magnetic form factorf (Q). In contrast, the energy
integrated intensity is strongly dependent on thec* compo-
nent of the scattering vector, as shown in Fig. 3~a!. A similar
periodic intensity modulation was previously observed
copper acetate.6 The dynamic structure factor for isolate
dimers can be obtained analytically:

S~Q,v!}sin2~Qd!u f ~Q!u2d~\v2D!, ~1!

where 2d is the vector connecting individual spins within
dimer. Leuenbergeret al. have derived a more general e
pression that is also valid in the case of interacting dime8

As will be shown below, interdimer interactions are weak
BaCuSi2O6 and using the isolated-dimer form for the cro
section is justified. A fit of Eq.~1! to our (0,0,l ) data on
BaCuSi2O6 is shown in a solid line in Fig. 3~a!. The analysis
immediately provides us with the vectord: the dimers are
oriented parallel to thec axis with an intradimer spin-spin
separation of 2.68~0.03! Å. This value coincides with the
nearest-neighbor Cu-Cu distance in the crystal struc
~2.73 Å!. Note that at smalll the (0.5,0,l ) data in Fig. 3~a!
deviate from the theoretical curve. Indeed, preliminary e
periments indicate that a very weak inelastic peak aro
\v54 meV is present in the entire (h,k,0) plane, where the
dimer structure factor should be zero. A finite cross sect

FIG. 3. Q dependence of the magnetic inelastic cross sec
measured in BaCuSi2O6: ~a! Energy-integrated intensity of the in
elastic peak as a function of momentum transfer perpendicula
the (a,b) plane. The solid line represents the structure factor for
isolated dimer with 2d52.68 Å. ~b! Dispersion in the gap excita
tions measured along (h,0,1.5). The solid lines represent fits to th
data, as described in the text.
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55 8359TEMPERATURE-DEPENDENT SPIN GAP AND SINGLET . . .
at l50 represents dynamic spin correlations within the
layers and thus a deviation from the isolated-dimer mod
We are now in the process of further investigating this p
nomenon. Below we concentrate only on the behavior of
much stronger inelastic feature atlÞ0 that, as we see, i
easily understood within the framework of the dimer mod

The temperature dependence of the energy-integrate
tensity of the gap modes was measured in constant-Q scans
for Q5(0,0,1.5) and (0.5,0,1.5)@Fig. 4~a!#. The intensity
starts to decrease with increasingT and goes down by
roughly a factor of four before leveling off aboveT'75 K.
This behavior is consistent with the theoretical expectat
for singlet-triplet dimer excitations if one uses the previou
obtained valueD54.5 meV@Fig 4~a!, solid line#.

2. Dispersion

Interdimer interactions result in a small yet significant d
persion in the dimer modes. To within experimental error
have not observed any dispersion along thec* direction.
This is consistent with the layered quasi-2D structure of
material. In contrast, the dimer excitations have a finite ba
width along thea* direction @Fig. 3~b!, solid circles for the
3.5 K data#. Note that the Brillouin zone for the magnet
gap excitations is the same as for the crystal structure,
the spin fluctuations in BaCuSi2O6 retain the periodicity of
the underlying lattice.

The magnitude of the dispersion was found to be stron
temperature dependent. AtT550 K the bandwidth along the
(h,0,1.5) direction is severely reduced compared to tha
3.5 K @Fig. 3~b!, solid circles#. The suppression of dispersio
is best illustrated in@Fig. 4~b!# that shows the temperatur
dependence of the excitation energy atQ5(0,0,1.5) and
(0.5,0,1.5), where it is a minimum and maximum, resp
tively. The gaps for these two wave vectors converge w
increasingT.

To analyze the observed dispersion relation we use
model Hamiltonian for a square-lattice bilayer ofS51/2
spins that has been investigated in connection to highTc
cuprate superconductors14 and appears to be an appropria
description for the spin arrangement in BaCuSi2O6. We

FIG. 4. Temperature dependence of the magnetic inelastic c
section measured in BaCuSi2O6: ~a! Temperature dependence
the energy-integrated intensity~a! and energy~b! of the gap exci-
tations in BaCuSi2O6 at two different wave vectors. The solid line
are fits to the data described in the text.
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found, however, that including next-nearest-neighbor
plane interactions, i.e., those along the diagonals of
square lattice, is essential. The bilayer Hamiltonian thus
volves three Heisenberg exchange constantsJ1 andJ2, and
J28 , between nearest neighbors from adjacent planes
form the bilayer and between nearest and next-nearest ne
bors within each plane, respectively:14

Ĥ5J1(
i
Ŝi

~1!Ŝi
~2!1J2 (

^ i , j &,a
Ŝi

~a!Ŝj
~a!1J28 (

^ i , j &8,a
Ŝi

~a!Ŝj
~a! .

~2!

Herei labels sites in a given plane,^ i j & and^ i j &8 are nearest
and next-nearest neighbors in the same plane, respecti
anda51,2 label the two planes constituting the bilayer.

The physical picture for the dispersion in the dimer mod
are single-dimer~local! excitations ‘‘hopping’’ from one site
to another within the bilayer. In this respect the magne
excitations in BaCuSi2O6 are totally analogous not only to
those in Cs3Cr2Br 6, but also to magnetoexcitons in som
light rare-earth compounds,15–19 and even transition-meta
systems.20 The latter excitations are single-ion crystal-fie
~CF! excitations ‘‘hopping’’ between rare-earth centers
virtue of intersite exchange interactions. The difference
that in BaCuSi2O6 and Cs3Cr2Br 6 the localized excitations
occur within a single AF dimer, rather than on a single ma
netic ion, and therefore have an intrinsic structure factor. T
RPA ~random phase approximation! was very successful in
describing the dispersion of magnetic excitons in
metal,15,17,21PrBa2Cu3O7,

18 and recently Pr2BaNiO5.
19 For

interacting dimers a very similar approach was developed
Leunbergeret al.8 in application to Cs3Cr2Br 6. In applica-
tion to the bilayers in BaCuSi2O6 this RPA treatment yields

vQ5~h,k,l !5AD21DJ~Q!R~T!,

R~T!5n02n15
12exp~2D /T!

113exp~2D /T!
, ~3!

J~Q!52J2@cos~2ph!1cos~2pk!#12J28@cos~2p$h1k%!

1cos~2p$h2k%!#.

The temperature renormalization factorR(T) was introduced
by Houmannet al.,16 and is simply the difference in therma
populations of the ground and excited statesn0 andn1, re-
spectively. Note that the measured dispersion is tempera
independent atQ5(0.25,0,1.5). To account for this effec
we thus have to assumeJ250, i.e., the relavant in-plane
exchange constant isJ28 , that is, along the diagonals of th
square lattice. The experimental data were analyzed by
ting Eq. ~3! to the experimental data with two adjustab
parameters, namelyJ15D andJ28 . For T53.5 K the least-
squares refinement yields a very good fit to the data w
J15D54.41(0.02) meV, J2520.19(0.03) meV, and
uJ1 /J28u'24@1. Moreover, by using parameter values o
tained forT53.5 K and Eq.~3! we can very accurately re
produce the dispersion measured at bothT53.5 K and
T550 K @Fig. 3~b!, solid lines#, as well as the entire experi
mental temperature dependence of the excitation energie
Q5(0,0,1.5) and (0.5,0,1.5)@Fig. 4~b!, solid lines#.
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A physical picture of the observed temperature dep
dence can be drawn from the previously mentioned anal
with magnetoexcitons, where the dispersion in the magn
exciton bands is also suppressed at high temperatures
two dimer ~or CF! excitations can simultaneously reside
one site. At high temperatures (T*D) many dimers become
thermally excited, and interfere with the propagation of oth
excitations. Intersite hopping is thus inhibited and the disp
sion suppressed.

III. CONCLUDING REMARKS

By substituting CF excitations for singlet-triplet AF dime
transitions the problem of weakly interacting dimers may
mapped onto the problem of weakly interacting singl
ground-state rare-earth ions. Consequently, the mathema
apparatus devised for magnetic excitons in rare earths
scribes the behavior of Cs3Cr2Br 6 and BaCuSi2O6 very
well. However, it is important to emphasize that the mic
scopic physics of the two systems, coupled dimers and l
rare earths, is totally different. In the latter the singlet grou
state and the single-ion CF excitations result from relativis
spin-orbit interactions. In BaCuSi2O6, on the other hand
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both the singlet ground state and the temperature-depen
dispersion are an intrinsic property of the Heisenbe
S51/2 Hamiltonian for the particular coupling geometry a
ratio of exchange constants.

In summary, we have observed a singlet ground state
a temperature-dependent two-dimensional dispersion
magneto-exciton-like gap modes in anS51/2 Heisenberg
square-lattice bilayer system. In future experiments we p
to investigate the effect of Zn and Sr doping on the magn
properties of BaCuSi2O6 and study in-plane spin correla
tions in the pure material.
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